INTRODUCTION
Von Hippel-Lindau (VHL) disease is an autosomal dominant familial cancer syndrome caused by germline mutations in VHL tumor suppressor gene. The incidence of this disease is roughly 1/36 000 live births, and its penetrance is estimated to be more than 90% by 65 years of age. 1,2 It is characterized by hemangioblastoma in central nervous system (CNS) and retina, renal cell carcinoma and cyst, pheochromocytoma, pancreatic cyst and tumor, endolymphatic sac tumor, and papillary cystadenoma in epididymis and broad ligament. [3] [4] [5] VHL gene locates in chromosome 3p25-26 and contains three coding exons that encode VHL protein (pVHL). pVHL combines with elongin B, elongin C and Cullin 2 (CUL2) to form VCB-CUL2 complex, which mediates the hypoxia-inducible factor. 6 Abnormal pVHL may disrupt its tumor-suppression function directly or indirectly though hypoxia-inducible factor-mediated effects. Through transcriptional regulation, hypoxia-inducible factor promotes glucose uptake and expression of angiogenic, growth and mitogenic factors, including vascular endothelial growth factor, platelet derived growth factor, erythropoietin and transforming growth factor a, known to be involved in tumorigenesis. [7] [8] [9] [10] Clinical criteria for the diagnosis of VHL disease include one of the following items: (1) more than one hemangioblastoma in CNS or retina; (2) a single hemangioblastoma in CNS or retina plus a visceral complication (such as multiple renal, pancreatic or hepatic cysts, pheochromocytoma or renal cancer) with the exception of epididymal and renal cysts; (3) any one of above manifestations with a family history. 11 There is also a classification of VHL disease based on its clinical manifestations. VHL disease families without a family member affected with pheochromocytoma are classified as VHL disease type 1; VHL disease families with a family member affected with pheochromocytoma are classified as type 2, and type 2 is further subdivided into type 2A (without renal cell carcinoma or pancreatic cysts), 2B (with renal cell carcinoma or pancreatic cysts), and 2C (only pheochromocytoma). 11 Genetic testing is the golden standard for VHL disease diagnosis. PCR-direct sequencing is accurate and relatively inexpensive, but is unsuitable for identification of large partial and complete VHL deletions. 12 Southern blot or multiplex ligation-dependent probe associated with PCR-direct sequencing can achieve 100% mutation detection, [13] [14] [15] but they are time-consuming and inconvenient for clinical application. Recently, the relative simple and practical method of universal primer quantitative fluorescent multiplex PCR (UPQFM-PCR) has been used to detect large deletions. 16, 17 Approximately 20% of VHL disease patients do not have a family history and carry a 'de novo mutation' . 18, 19 Actually, these 'de novo mutations' may be inherited from their germline mosaic parents who are phenotypically normal and may have no mutations in their somatic cells. 4 Here, we used the methods of PCR-direct sequencing and UPQFM-PCR to investigate germline mutations in VHL in 16 probands diagnosed with VHL disease by clinical diagnosis criteria. We found VHL mutations in 14 probands, including 11 point mutations (7 missense mutations and 4 nonsense mutations), 1 micro-deletion and 2 large deletions, in which a novel mutation of c.451A4T/p.Ile151Phe found in one proband had not been reported previously. The other two probands had non-typical disease-causing mutations including one silent mutation (c.481C4A/p.Arg161Arg) and one mutation in 3¢-UTR (c.642+70C4A). Notably, no family history was found in 9 of the 16 patients (56.3%), suggesting that de novo mutations in VHL gene may be relatively prevalent in Chinese patients. We also analyzed our VHL disease families in association with the VHL mutation data in Chinese VHL disease patients reported in the literature to provide the spectrum of VHL gene mutations in Chinese population.
PATIENTS AND METHODS Patients
A total of 16 unrelated patients diagnosed with VHL disease based on the clinical diagnosis criteria mentioned above as well as their family members were tested for germline mutations in VHL gene. This project was approved by the Medical Ethics Committee of Peking University First Hospital. Informed consent was obtained from all patients and their relatives.
DNA sequencing
Genomic DNA was isolated from peripheral blood samples by Qiagen DNA Blood mini kit (Qiagen, Hilden, Germany) following the manufacturer's instruction. Genomic DNA (50-100 ng) was amplified by PCR in a standard PCR buffer containing 200 mM per each dNTPs, 1. 5 
UPQFM-PCR to detect large deletions and insertions
UPQFM-PCR for the detection of large deletions and insertions in VHL gene was first described by Cybulski et al. 16 Three exons of VHL gene and a fragment of b-globin gene (internal control) were amplified in two steps of PCR. The first PCR (PCR1) consisted of 100 ng genomic DNA and primer pairs tagged with designed universal sequences (in Table 1 
RESULTS

All of the 16 probands fulfilled the VHL disease diagnostic criteria.
Nine of the probands (including one proband with familial lipoma history) had no family history. In all, 15 families were classified as type 1 (without pheochromocytoma) and one family belonged to type 2 (with pheochromocytoma) VHL disease ( Table 2) . Direct sequencing detected nucleotide substitutions or small deletions in 12 probands (12/16, 75%), including 7 missense mutations, 4 nonsense mutations and 1 micro-deletion. Proband 5 with novel mutation (c.451A4 T/p.Ile151Phe) had not been reported previously. UPQFM-PCR revealed exon 3 deletion (Figure 1 ) in two probands (12.5%, 2/16). The remaining two probands were found to have non-typical diseasecausing mutations, including one silent mutation (c.481C4 A/p.Arg161Arg) and one mutation in 3¢-UTR (c.642+70C4A), but the pathogenesis of these two mutations is unclear at present. In this series of patients, the most usual manifestations were CNS hemangioblastoma, clear cell renal cell carcinoma, pancreatic cysts and tumors (Table 2) . Pheochromocytoma, endolymphatic sac tumors and epididymal or ovarian cyst adenomas were rarely found. Proband 5 with a novel mutation (c.451A4T/p.Ile151Phe) had no VHL disease family history, and dysacusis (caused by endolymphatic sac tumors) was the initial symptom at 18 years of age, and ovarian cystadenoma, multiple renal cell carcinoma and pancreatic tumors were identified 20 years later. Probands 8 and 9 had the same mutation (c.263G4 A/p.Trp88X), but their clinical symptoms were different. The mother of proband 9 had CNS hemangioblastoma at 34 years of age, but she is now 81 years old without any other VHL disease related lesions. Proband 15 showed multiple CNS hemangioblastomas, multiple renal cell carcinomas and pancreatic neuroendocrine tumors and cysts but without family history, and carried a silent mutation (c.481C4A/ p.Arg161Arg) (Supplementary Figure S1) . Proband 16 had retinal angiomas as the initial symptom, and then developed multiple CNS hemangioblastomas, multiple renal cell carcinomas and pancreatic neuroendocrine tumors but without family history, and carried a mutation in 3¢-UTR (Supplementary Figure S2) .
Several families also had some unusual clinical symptoms. Proband 4 with familial lipoma history had syringomyelia associated with Chiari type I malformation as the first presentation. His father and five brothers and sisters all had lipoma but no VHL disease lesions. Proband 7 and his younger brother were found to have mesh-like hemangioblastomas in CNS.
DISCUSSION
In this study, we found an interesting phenomenon that more than 56.3% Chinese VHL disease patients had no family history of VHL It is still unknown whether the higher prevalence of sporadic VHL germline mutations relates to the increasing environmental pollution in China.
We also found two patients with nonpathogenic mutations, one silent mutation and one mutation in 3¢-UTR. According to the basic knowledge of genetics, silent mutation has no effect on the protein structure. However, proband 15 presented clinical features of typical VHL disease. We had to consider the relationship between the silent mutation and VHL disease. Proband 16 with typical VHL disease manifestations carried a mutation in 3¢-UTR. Some researchers also detected VHL mutations in 3¢-UTR without any other mutations in VHL gene. 21 Subsequently, we need to further investigate the pathogenesis of these two unusual mutations.
The prevalence of large deletions was 11B40% in VHL disease patients. [13] [14] [15] [16] [17] 20 When the data from PCR-direct sequencing are negative, we should first detect the large deletions by the method that is relatively inexpensive and uncomplicated. In this study, we found large deletions in 12.5% families by using UPQFM-PCR. So we recommend to use PCR-direct sequencing combined with UPQFM-PCR to search for VHL mutations for the patients with typical VHL disease manifestations as well as their family members. VHL mutation carriers should be treated based on the recommendations in the VHL handbook (http://www.vhl.org/).
We combined our findings from the 16 probands with the data from previous reports of Chinese VHL disease patients to summarize the clinical characteristics and genotype/phenotype relationships in Chinese patients. 17, 20, [22] [23] [24] [25] There were totally 70 families that were clinically diagnosed as VHL disease and had the data of VHL mutations ( Table 3 ). The spectrum of VHL mutations in Chinese patients is comparable to the findings of large scale investigations from other countries, 11, 21 but with some unique characteristics ( Table 3 ). The prevalence of germline mutations was 92.9% (65/70) including three non-typical disease-causing mutations. The prevalence of intragenic mutations detected by direct sequencing was 80% (56/70), and that of large deletions was 17.3% (9/52).
There were 18 mutations (found in 26 families) in exon 1, 7 mutations (found in 7 families) in exon 2 and 11 mutations (detected in 18 families) in exon 3, 3 mutations located in intron 1, 1 mutation in intron 2 and 1 mutation in 3¢-UTR (Figure 2 ). Obviously, exon 1 was the hot mutation exon, accounting for 51.0% (26/51) of the families. The region of VHL germline mutations located between codons 65-178 (Figure 2 ). For nucleotide substitutions in the coding exons, the frequent VHL germline mutation regions were codons 65-98 (24 families) and codons 161-168 (15 families), inconsistent with the data from western countries and Japan. However, the prevalence of codon 161 mutations seemed to be higher than that of frequent mutations codon 167 in China. In the previous reports, the genotype/phenotype relationship had been discussed, especially that of VHL germline mutations and pheochromocytoma. 16, 21, 26, 27 Pheochromocytoma appeared in patients with missense mutations, and rarely happened in those with nonsense mutations and large deletions. 11, 21 All of the 13 Chinese families with type 2 VHL disease carried missense mutations (Table 3) . Interestingly, all of the four families with the c.482G4A/p.Arg161Gln mutation demonstrated type 2C VHL disease (Figure 2 ), similar to the report by Zbar et al. 21 in which all of the three VHL disease families with this mutation exhibited pheochromocytoma. It seems that p.Arg161Gln is a specific mutation for pheochromocytoma. The amino-acid residue 161 located in the Elongin C/P53-binding domain (residues 154-164) may be a key element for the function of this domain, and mutations in this region may thus develop pheochromocytoma. [28] [29] [30] In this study, we used PCR-direct sequencing and UPQFM-PCR methods to detect nucleotide substitutions and deletions in VHL gene in probands clinically diagnosed with VHL disease. Up to 56.3% probands did not have the family history of VHL disease, suggesting that de novo mutations in VHL gene may be relatively common in Chinese VHL disease patients. We also summarized the Chinese VHL disease patients with the data of VHL mutations published in the literature, and compared the data with those from other countries. The clinical and molecular genetic characteristics were basically similar between VHL disease of Chinese patients and the patients from other countries. Pheochromocytoma was only found in patients with missense mutations and not in those with other types of VHL mutations. The incidence of large deletions in VHL gene was 17.3%, suggesting the requirement of methods for the detection of large VHL deletions to be included in routine VHL mutation screening. Figure 2 Schematically demonstrating the point mutations and small insertions/deletions in von Hippel-Lindau (VHL) gene in 70 Chinese families with VHL disease reported in the literature. We searched the literature for Chinese VHL disease patients with the results of VHL gene mutation study. We summarized the 54 Chinese patient families reported in six papers in association with the 16 families presented here. A total of 56 families were found to have point mutations or small deletions, 9 families to have gross deletions and VHL mutations were not detected in 5 families. Only the 56 families with point mutations and small deletions are depicted in this figure. Location and nucleotide mutation/consequence are shown. Clinical type and number of the family are in brackets. '*' Denotes new mutation not described previously, including three non-typical disease-causing mutations: c.481C4A/p.Arg161Arg, 3¢-UTR mutation (c.642+70C4A) and IVSI-38C4T/Unknown. Filled areas beside exon 1 and 3 represent 5¢-and 3¢-untranslated region, respectively.
